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Abstract— In this work, a comparative study of the susceptibility chart in a partially dielectric-
loaded rectangular waveguide and in its equivalent partially dielectric-loaded parallel-plate wave-
guide with the same height is performed. This study shows how the inhomogeneity of the electric
field inside the rectangular waveguide modifies the edges of the multipactor susceptibility chart
with respect to that predicted by the parallel-plate waveguide case. Moreover, comparisons of
the evolution of the population and the trajectory of the effective electron and the DC field
appearing in the waveguide in a point well inside the multipactor region obtained with both
models are performed, showing some quantitative differences in the multipactor evolution, but a
similar qualitative behaviour is observed.
1. INTRODUCTION
The multipactor effect is an electron discharge that may appear in particle accelerators and mi-
crowave devices such as waveguides in satellite on-board equipment under vacuum conditions.
Multipactor research lines are aimed to study and characterize the phenomenon to predict the
conditions for its appearance[1], [2], taking advantage of available susceptibility charts in empty
parallel-plate waveguides obtained with analytical models [3], and they are directly used to predict
multipactor breakdown in the component under study, which is going to happen in the point of
highest field intensity. However, many RF devices, such as filters, multiplexers, and RF satellite
payloads, include dielectric materials commonly employed as resonators and supporting elements.
In previous works [4]-[6], a theoretical model for studying the multipactor effect in a parallel-plate
dielectric-loaded waveguide has been developed, which can be used to obtain susceptibility charts
in partially dielectric-loaded waveguide components. Nevertheless, such susceptibility diagrams do
not take into account the non-uniform nature of the electromagnetic fields inside the waveguide.
For this reason, the authors have recently developed a theoretical model for the analysis of the mul-
tipactor effect in a partially dielectric-loaded rectangular waveguide [7]. This model has been used
in this work to compute the susceptibility chart in a partially dielectric-loaded rectangular wave-
guide, and these results have been compared with that of its equivalent partially dielectric-loaded
parallel-plate waveguide with the same height, obtained with a parallel-plate 3D multipactor model
described in [9]. The obtained results show that the inhomogeneity of the electric field inside the
rectangular waveguide modifies the limits of the multipactor susceptibility chart with respect to
that predicted by the parallel-plate waveguide case. However, a comparison of the evolution of the
population and the trajectory of the effective electron and the DC field appearing in the waveguide
with both models, in a point of the susceptibility chart well inside the multipactor region, shows
some quantitative differences in the multipactor evolution, although they finally yield a similar
qualitative behaviour.
2. COMPARISON OF THE MULTIPACTOR SUSCEPTIBILITY CHART IN A
RECTANGULAR AND ITS EQUIVALENT PARALLEL-PLATE WAVEGUIDE
PARTIALLY LOADED WITH A DIELECTRIC LAYER
In this section, a recently developed simulation model [7], [8] for analysing the multipactor effect
appearing in a rectangular waveguide partially loaded with a dielectric layer, when propagating
high power resonant RF fields and under vacuum conditions, has been used to compute the sus-
ceptibility chart in the waveguide. Unlike the problem of studying the multipactor effect in a
partially dielectric-loaded parallel-plate waveguide, in which the effective electron trajectories can
be described with analytical formulas [5],[9], the greater complexity of numerically solving the dif-
ferential equations of the effective electron trajectories in the inhomogeneously filled rectangular
waveguide makes it necessary to adopt a series of simplifications in our model. In particular, a
2Figure 1: Cross section of a dielectric-loaded rectangular waveguide (a), and of its equivalent parallel-plate
dielectric-loaded waveguide (b).
single effective electron model has been adopted, and, in addition, space charge effects have not
been considered. Nevertheless, on the one hand, the RF fields inside the waveguide have been
considered without approximations. And, on the other hand, the growth of an electrostatic field
EDC in the waveguide during the multipactor process due to the appearance of charges located at
different positions on the dielectric surface, associated to the absorption or emission of electrons in
the impact locations, has also been considered to accurately obtain the trajectory of the electrons
inside the waveguide, considering both the spread in secondary emission energy and the angle of
the secondary electrons after each impact on the waveguide walls. This assumption has proved
to properly account for the charging of the dielectric material, given that the discharging time for
dielectrics is much higher than the typical time for a multipactor discharge. A detailed explanation
of the model has been omitted here for the sake of conciseness, and it can be found in [7], [8].
Fig.1(a) shows the cross section of a partially dielectric-loaded rectangular waveguide of width a
and height b, loaded with a dielectric slab of relative permittivity ǫr and dimensions a× h placed
over the bottom waveguide wall, being d the empty waveguide height where the effective electron
travels. We have analyzed the multipactor effect in a nonstandard silver-plated rectangular wave-
guide of width a = 19.05mm and height b = 0.4mm, in which a thin dielectric layer of thickness
h = 0.025mm and ǫr = 2.1 (corresponding to a realistic dielectric film commonly used in space
applications) has been placed over the bottom surface of the waveguide, being d = b−h the vertical
air gap in the waveguide. We have restricted our study to the monomode regime in the partially
dielectric-loaded rectangular waveguide, where only the fundamental mode, TMy
10
, propagates [10].
A study of the susceptibility chart of this waveguide has been performed and compared with results
obtained in its equivalent parallel-plate waveguide partially loaded with the same dielectric layer
(see Fig. 1(b)), where the charge appearing on the dielectric surface is considered to be uniformly
distributed on an area A. We want to highlight the effect of the inhomogeneity of both the RF
fields and charge distribution appearing on the dielectric surface in the rectangular waveguide with
respect to the parallel-plate one. For the comparison, the multipactor simulation model developed
in [9] for a parallel-plate waveguide including the 3D motion of the electrons has been employed.
Although this model is able to consider both multiple effective electrons and space charge effects,
they have been neglected here for the comparison. In the vertical axis of the susceptibility chart,
it is plotted an effective voltage, Veff, which in the rectangular waveguide has been numerically
calculated as the line integral of the Ey component of the electric field (evaluated at the center of
the waveguide x = a/2) from y1 = 0 to y2 = d. In the equivalent parallel-plate waveguide, this
voltage is obtained as E0 × (d − h), being E0 the RF field amplitude, which in this case can be
calculated as
E0 =
V0ǫr
h+ ǫr(d− h)
(1)
In the horizontal axis, it has been plotted the product f×d. This susceptibility chart is only applica-
ble to these waveguides, and not to any waveguide with an air gap d, given that the electromagnetic
field distribution depends on the characteristics of the dielectric layer (i.e., on its dimensions and
relative permittivity). To obtain the susceptibility chart, the simulation is run for 100 RF cycles
at each Veff and f × d point, and repeated a sufficient number of times (typically, a higher number
is needed at the multipactor zone edges than inside or outside of them). In each simulation, the
effective electron is launched at x = a/2, z = 0, at a random position y0 in the y axis between
y = 0 and y = d, following a cosine distribution of the polar angle, and with a departure kinetic
energy following a probability density function given in [11]. In the parallel-plate case, the charge
appearing on the dielectric surface has been considered to be uniformly distributed on an area
A = 10 cm2. Using all simulations, the multipactor discharge is assumed to have occurred when
3the arithmetic mean of the final population of electrons is greater than 1. Additionally, given that
the emission or absorption of electrons by the dielectric surface gives rise to an increasing DC field
in the waveguide that eventually may turn off the discharge [7], a minimum mean value of the
remaining EDC field in the waveguide using all simulations is also used as an additional criterion
to assume that a multipactor discharge has occurred at a given Veff and f × d point.
In the susceptibility chart shown in Fig. 2, the multipactor discharge zones in the partially
dielectric-loaded rectangular waveguide have been represented with black points, while the gray
points correspond the multipactor discharge region in the partially dielectric-loaded parallel-plate
waveguide. At the sight of this figure, it can be checked that in the observed multipactor regions
in the analyzed Veff and f × d ranges, a higher multipactor threshold is predicted in the partially
dielectric-loaded rectangular waveguide. Moreover, this difference is constant for all values of f×d.
And, on the contrary, the upper limit of the multipactor region is lower for the partially dielectric-
loaded rectangular waveguide than for the partially dielectric-loaded parallel-plate waveguide. In
order to better understand these results, in the next section, the multipactor evolution at different
regions of the susceptibility chart obtained with both models is analyzed.
Figure 2: Susceptibility chart of a partially dielectric-loaded rectangular waveguide (black points) and of
its equivalent parallel-plate waveguide (gray points). The point f × d = 4.01GHz·mm and Veff = 908V
(well inside the first order multipactor region in both waveguides) is highlighted in red, while the point
f ×d = 4.01GHz·mm and Veff = 550V (in the lower limit of the first order multipactor region) is highlighted
in blue.
3. MULTIPACTOR EVOLUTION AT DIFFERENT REGIONS OF THE
SUSCEPTIBILITY CHART
With the purpose of having a better understanding of the differences of the multipactor evolution
in the equivalent partially dielectric-loaded rectangular and parallel-plate waveguides, several simu-
lations of the multipactor evolution at different regions of the susceptibility chart obtained with
both models are performed and analyzed next. Simulations assuming different initial phases of the
RF field have been done, and similar results were obtained.
A first point well inside the first order multipactor region in both waveguides has been chosen,
corresponding to f × d = 4.01GHz·mm and Veff = 908V (highlighted in red in Fig. 2). In
Figs. 3 and 4 the evolution of the following magnitudes in each case have been represented: total
number of electrons N (black line), Ey,DC at the electron position (blue line), Ey,RF (red line), and
electron position y (gray line). The other DC and RF fields components have turned out to be
several orders of magnitude lower than the represented ones in the cases under study and have not
been displayed. In Fig. 3, it is plotted the multipactor evolution in the partially dielectric-loaded
4Figure 3: Multipactor evolution in the partially dielectric-loaded rectangular waveguide at f × d =
4.01GHz·mm and Veff = 908V: total number of electrons N (black line), Ey,DC at the electron position
(blue line), Ey,RF (red line) and electron position y (gray line).
rectangular waveguide at the point f×d = 4.01GHz·mm and Veff = 908V as a function of the time
normalized to the RF period. Given that resonance conditions are met at this point (in the center
of the 1st multipactor region), once the effective electron is synchronized with the RF field after a
few RF cycles, the y coordinate of its trajectory (represented with gray line) shows collisions with
the top metallic and bottom dielectric surface in a first-order multipactor process until the 13-th
RF cycle, remaining in the vicinity of x = a/2 and z = 0 —given that the electron has nearly no
acceleration in such directions. In this first stage of the multipactor evolution, the total number of
electrons N (black solid line) follows an exponential growth. This progressive growth of N entails
the appearance of charges on the dielectric surface, whose value is proportional to the emitted or
absorbed electrons in each impact on this surface. Such charges give rise to the appearance of an
electrostatic field in the empty gap. Once the population of electrons reaches a significant number
(N ≈ 108 in the conditions under study), the y-component of the DC field, Ey,DC (which has been
plotted in Fig. 3 at the electron position with blue line) becomes comparable to Ey,RF (red line),
and the effective electron loses its previous multipactor synchronization. From this moment on,
the electrons collide with the top metallic or bottom dielectric surface much sooner or later than
the instants when the RF electric field changes its sign, which implies low impact energy collisions,
and consequently, absorption of electrons, yielding to the appearance of greater charges on the
dielectric surface, and contributing to a higher DC field acting on the waveguide. A high negative
value of this field near the dielectric surface finally results in a single-surface multipactor regime
in the metallic surface (see the y position of the electron from RF cycle 16), with successive low
impact energy collisions, until the discharge turns off. The remaining DC field in the waveguide at
the end of the simulation is the proof that a discharge has occurred.
Equivalent results are plotted in Fig. 4 for the partially dielectric-loaded parallel-plate waveguide
at the same point f × d = 4.01GHz·mm and Veff = 908V, which also corresponds to resonance
conditions of the effective electron with the RF field. This can be checked through the exponential
growth followed by the total number of electrons N (black solid line) until RF cycle 17. In the
same way, the dielectric surface of the waveguide charges proportionally to the emitted or absorbed
electrons by it in each impact, giving rise to an increasing electrostatic field -which in this case is
assumed to be constant in the empty gap-. Once Ey,DC (blue line) becomes comparable to Ey,RF
(red line), the synchronization of the effective electron with the RF field is lost, and after a few RF
cycles, the appearance of a negative DC field pushes the electrons to the upper metallic surface,
and successive low impact energy collisions take place in a single-surface multipactor regime, anew
turning off the discharge. Again, the DC field remaining in the waveguide proofs that there has
been a multipactor discharge. Therefore, a qualitatively similar behaviour is observed with both
simulation models at this point, and only quantitative differences in the maximum population of
electrons N reached and in the final DC field are found, which are basically due to the inhomogeneity
of the charge distribution appearing on the dielectric surface in the rectangular waveguide (instead
5Figure 4: Multipactor evolution in the partially dielectric-loaded parallel-plate waveguide at f × d =
4.01GHz·mm and Veff = 908V: total number of electrons N (black line), Ey,DC at the electron position
(blue line), Ey,RF (red line) and electron position y (gray line).
of being uniformly distributed in a given area).
A different point of the susceptibility chart in the lower limit of the first order multipactor region
is next analyzed, corresponding to f × d = 4.01GHz·mm and Veff = 550V. Indeed, no multipactor
discharge has been observed in the rectangular waveguide at this point (although 360 simulations
have been performed at this point, none of them has shown a growth of the population of electrons).
This fact can be understood at the sight of one of such simulations of the multipactor evolution in
the rectangular waveguide, represented in Fig. 5, where although the y coordinate of the effective
electron (gray line) in the first RF cycles shows some collisions with the top metallic or bottom
dielectric surface that makes N to increase, there is no exponential growth of the total number
of electrons N , and consequently, no DC field is observed in the waveguide. In the following RF
cycles, as the effective electron moves away from the center of the guide to positions of lower Ey,RF
(red line) due to the Miller force [12], there are only low impact energy collisions, progressively
decreasing N , until the discharge finally turns off. A different result has been observed for this Veff
Figure 5: Multipactor evolution in the partially dielectric-loaded rectangular waveguide at f × d =
4.01GHz·mm and Veff = 550V: total number of electrons N (black line), Ey,DC at the electron position
(blue line), Ey,RF (red line) and electron position y (gray line).
and f × d point in the partially dielectric-loaded parallel-plate waveguide, in which 3 out of 360
simulations have shown a net growth of the population of electrons after 100 RF cycles, yielding
an arithmetic mean of the final population of electrons using all simulations greater than 1 (see
that this point is depicted in gray in Fig. 2 for the parallel-plate waveguide, corresponding to a
6multipactor point). In Fig. 6 it is represented the multipactor evolution in one of such simulations,
in which there is no longer a 1st order multipactor resonance regime at the sight of the y coordinate
of the effective electron, and consequently, there is a slower growth of the population of N (in any
case, it is not exponential), achieving a final high value of 108 electrons at the end of the simulation.
In the same way, there is no signiticant DC field appearing in the waveguide in this simulation (it
is several orders of magnitude lower than the RF field), and added to the fact that the RF field
in this waveguide does not depend on the x coordinate, this regime of progressive increase of N
is not broken throughout the simulation. Thus, it can be concluded that a different evolution of
the multipactor is observed in this point in the lower limit of the first order multipactor: an initial
growth of the population of electrons in the rectangular waveguide in the first RF cycles, ending in
the turning off of the discharge due to the Miller force effect, while in the parallel-plate waveguide
a slow but progressive increase of the population of electrons allover the simulation associated to
the uniformity of the RF and DC fields in this waveguide. coordinate.
Figure 6: Multipactor evolution in the partially dielectric-loaded parallel-plate waveguide at f × d =
4.01GHz·mm and Veff = 550V: total number of electrons N (black line), Ey,DC at the electron position
(blue line), Ey,RF (red line) and electron position y (gray line).
4. CONCLUSION
In order to highlight the similarities and differences between the multipactor results obtained in
a partially dielectric-loaded rectangular waveguide and in its equivalent partially dielectric-loaded
parallel-plate waveguide with the same height, a comparative study of the susceptibility chart
in both cases has been performed. The conclusion of this study is that the inhomogeneity of
the electric field inside the rectangular waveguide basically modifies the edges of the multipactor
region in the susceptibility chart with respect to those predicted with the parallel-plate waveguide
simulation code. In order to get a proper insight of this result, the evolution of the population
and the trajectory of the effective electron and the DC field appearing in the waveguide in a point
well inside the multipactor region obtained with both models is shown, revealing some quantitative
differences in the multipactor evolution, but a similar qualitative behaviour is observed. On the
other hand, when choosing a different point of the susceptibility chart in the lower limit of the first
order multipactor region, a different evolution of the multipactor is observed in both cases, i.e., an
initial growth of the population of electrons in the rectangular waveguide in the first RF cycles,
ending in the turning off of the discharge due to the Miller force effect, while in the parallel-plate
waveguide we can see a slow but progressive increase of the population of electrons allover the
simulation, associated to the fact that the RF field in this waveguide does not depend on the x
coordinate.
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